Abstract: Composition and accumulation patterns of storage proteins in female gametophyte and embryos of the white fir (Abies concolor) were investigated during embryogenesis and germination of mature seeds using SDS-PAGE and immunological approach. Altogether 9 major and minor protein components with molecular masses of 14, 16, 22, 24, 27, 30, 35, 38, and 43 kDa were detected in female gametophytes and 9 protein bands in the embryos with the molecular sizes of 14, 16, 22, 24, 25, 27, 34, 38, and 43 kDa. The species seems to deviate in this respect from other representatives of Pinaceae. A conspicuous increase of storage protein synthesis was observed at the stage of fully cellularized female gametophytes and at the cotyledonary stage of embryo development. There exists a high degree of similarity between storage protein profiles of white fir zygotic and somatic embryos. Successive stages of somatic embryogenesis exhibited a high degree of similarity of storage proteins except for cotyledonary stage when a noticeable increase in storage protein synthesis was registered. Conversely, during germination of somatic embryos, an overwhelming majority of storage proteins was depleted.
Introduction
The genus Abies is considered to an exception within Pinaceae lacking the legumin-like proteins in its seeds. These proteins serve as the main storage reserves in majority of species in both angiosperms and gymnosperms. According to Jensen & Lixue (1991) this lack can be used as a diagnostic character for the entire genus Abies. The function of storage reserves in Abies seeds is shared by the globulins which were reported to be similar but not identical with soluble proteins of other Pinaceae (Gifford & Tolley, 1989) . In Abies, their main components are characterized by the molecular weights of 43, 28 and 16 kDa, respectively, (Jensen & Lixue, 1991) deviating from the corresponding storage protein molecular weight parameters in seeds of Picea abies Hakman, 1993) , Picea glauca (Gifford & Tolley, 1989) Pinus species (Gifford, 1988) . The seeds of the latter possess three electrophoretically distinguished storage protein components of different molecular masses. Obviously, this discrepancy is partly due to the difficulties with an accurate determination of the molecular weight parameters of individual protein components and possibly due to a species-specific nature of storage proteins. This aspect of seed biochemistry in white fir was investigated in the present study throughout embryogenesis and germination of mature seeds. In addition, a parallel analysis of storage protein accumulation pattern in somatic embryos of the species was carried out. The latter were reported originally to share similar developmental patterns as zygotic embryos in Norway spruce (Hakman et al., 1990; Hakman, 1993) and interior spruce (Flinn et al., 1991) . However, more recent study by Bornman et al. (2001) indicates a significantly reduced content of proteins in a dry mass of Picea abies somatic embryos as compared with the zygotic embryo-megagametophyte complex. As far as Abies is concerned, no data on somatic embryo storage proteins are available. The first attempt to elucidate this aspect of zygotic and somatic embryogenesis was made in the present study on the white fir which has been introduced extensively into Europe.
Material and methods

Plant material
Seed cones were collected at 5-10 day intervals during the spring and summer periods from controlled cross-pollination of a white fir (Abies concolor GORD. et GLEND) tree growing in arboretum Mlyňany. The protein extraction was done separately for developing female gametophytes and embryos of the species covering the period from the beginning of July till the end of August.
In mature seeds, the process of seed germination was analysed at the stages corresponding to the dormant seeds, seeds after 48 and 96-hour imbibition, seeds with protruded c casein hydrolysate and 500 mg L −1 L-glutamine. Maturation medium was gelled with 2 g L −1 phytagel. Cultivation of ESM on maturation medium continued for several weeks in the dark. Mature somatic embryos were removed and placed in Petri dishes which were subjected to a high relative humidity treatment during 6 weeks at 24
• C in the dark (VOOKOVÁ et al., 1998) . Embryos were allowed to germinate on MS medium containing original concentration of micro elements, half concentration of macro elements, 2.5 mg L −1 thiamin-HCl, 20 g L −1 sucrose and 7 g L −1 agar. The stages of somatic embryogenesis subjected to protein analysis involved non-embryogenic callus, embryogenic callus, globular embryos, precotyledonary embryos, cotyledonary embryos and regenerated emblings.
Protein extraction and analysis
The amount of embryogenic material used in the experiment was 0.2 g for precotyledonary zygotic and somatic embryos and 0.5 g for embryogenic callus, female gametophyte tissue, cotyledonary and mature embryos, germinating zygotic embryos and regenerated emblings. Individual tissues were homogenized separately in Potter-Elvehjem homogenizer using 1.5 mL of 100 mM TRIS-HCl buffer, pH 8.5 containing 4% (w/v) sodium dodecyl sulphate, 2% (v/v) 2-mercaptoethanol and 20% (v/v) glycerol. The crude homogenate was heated for 3 min at 95
• C and clarified by centrifugation at 13.000 g for 15 min. The amount of proteins in individual samples was quantified according to BRADFORD (1976) .The obtained supernatant was stored at −20
• C until completion of the last collection of the samples. The SDSpolyacrylamide gel electrophoresis was performed according to LAEMMLI (1970) using 10% stacking and 12% separating gels and Coomasie Brilliant Blue R-250 staining. A standardized amount of 40 mg proteins of each sample was loaded onto the gel. The molecular masses of the proteins were determined relative to the broad range protein markers (Biolabs, New England).
Immunochemical analysis
For the purpose of immunological study, the female gametophyte and embryogenic tissues were homogenized separately using 100 mM TRIS-HCl buffer, pH 8.3 with 5 mM cysteine-HCl, 5 mM EDTA.Na2, 500 mM sucrose and 0.5% (w/v) insoluble polyvinylpyrrollidone added. The supernatant obtained after centrifugation at 20.000 g was dialysed first against distilled water (3 hours) followed by the overnight dialysis against 100 mM TRIS-HCl buffer, pH 8.0. The dialysed proteinaceous extracts were concentrated with polyethyleneglycol (M.w. 60 000). All operations were performed at 4
• C. Double-diffusion was carried out in 0.9% (w/v) agarose according to OUCHTERLONY (1958) using polyvalent rabbit antiserum which was prepared against the soluble proteins of silver fir zygotic embryos. The immunization scheme used was described earlier (KORMUŤÁK, 1984) .
Results
The developmental pattern and composition of storage proteins of both female gametophytes and embryos of white fir were similar but not identical. The mature female gametophyte contained 9 major protein fractions with approximate molecular masses of 43, 38, 35, 30, 27, 24, 22, 16 and 14 kDa, along with several minor proteins with the molecular masses predominantly above 55 kDa (Fig. 1 , lane G). Essentially similar protein profiles were also characteristic for the embryos which however deviated from female gametophyte by the absence of 30 kDa protein possessing instead the 25 kDa major protein. In addition 7 minor proteins positioned between the major protein components together with at least 10 minor proteins with molecular masses above 55 kDa were detected in the embryos (Fig. 2, 
lane G).
A majority of storage proteins characteristic for mature seeds were detected at the first stage collected (Fig. 1, lane A) . Cytologically it corresponded to the partially cellularized megagametophyte. At the stage of fully cellularized female gametophyte of the white fir at the beginning of July, the first noticeable increase in synthesis of 43 kDa protein was corded (Fig. 1, lanes  B-G) . Within its corrosion cavity, a young club-shaped embryo may be distinguished in this time. From this point on, the protein increased continuously until the stage of a seed. The same tendency was also exhibited by the remaining proteins. The only exception in this respect was the 38 kDa protein of female gametophyte whose synthesis was shifted towards the beginning of August when both female gametophyte tissue and embryos were morphologically differentiated already (Fig. 1, lanes E-G) . Contrary to the protein fractions mentioned above the protein components within a range of 55-150 kDa together with those of approximate masses of 39-40 kDa followed the opposite dynamics. They were most abundant at the earliest stage of female gametophyte formation (Fig. 1, lane A) diminishing gradually during seed development (Fig. 1,  lanes B-G) .
In contrast with a stepwise increment of the 43 kDa protein component during female gametophyte development, the corresponding increase in developing embryos was shifted to the later stages of their development. The 43 kDa protein along with the protein components with molecular masses of 25, 24, 22, 16 and 14 kDa were synthesized in higher amounts during the second half of July only when embryos reached the cotyledonary stage (Fig. 2, lanes D-G) . Except for the protein components present in embryos since the first analysed stage, new proteins have also been detected at this stage. They were localized at the 24 kDa position and persisted until mature seeds.
The outlined dynamics of protein synthesis correlated closely with the immunological properties of the developing female gametophytes and embryos. There are reasons to believe that immunological activity of white fir seeds is preferentially associated with their storage proteins. As can be seen in Fig. 3 , the sequence of new protein bands synthesis revealed by SDS-PAGE was paralleled by the corresponding increase in number of precipitin lines in agarose plate. Except for the two faint immunoprecipitates detected at the first analysed stage of female gametophyte development (Fig. 3, well A), three prominent zones of precipitation were characteristic for the remaining developmental stages (Fig. 3,  wells B-G) . The stage-specific sequence of their synthesis indicates that they may be ascribed accordingly to the 43, 35 and 22 kDa components of the proteins. The same was true for the antigenic response of developing embryos whose dynamics has also followed the sequence of protein synthesis in embryos with differentiated cotyledons (Fig. 3, wells D-G) . No response has however been observed at the precotyledonary stages of embryo development (Fig. 3, wells A-C) .
The nutritive function of the protein bands described above on the basis of abundance criterion has been suggested according to their rapid degradation upon onset of germination. All the 9 proteins of interest were found to be mobilized in female gametophyte following 4-day imbibition of seeds and their subsequent germination (Fig. 4, lanes A-D) . The only exception was the 24 kDa band which instead of being degraded has dominated the SDS-PAGE profile of the female gametophyte throughout all the analysed stages of seed germination (Fig. 4) .
Nearly all the nine major protein components detected in dormant embryos of white fir were metabolized during seed germination fulfilling the function of storage proteins. Only the band with an apparent molecular mass of 16 kDa was found to be synthesized with a constant rate in germinating embryos (Fig. 5) .
Along with degradation of storage proteins in ger- minating seeds, an increased synthesis of some protein components was registered as well. In particular, the female gametophyte components with molecular weights ranging between 55 and 92 kDa along with its 8 kDa component increased in their amounts during germination. The same holds true of the 54 and 14 kDa bands in embryos that displayed a similar tendency during germination.
As for somatic embryos of white fir, their soluble protein profiles very closely resembled those of zygotic embryos. This resemblance concerned not only such morphologically distinguishable structures as the clublike embryos, precotyledonary and cotyledonary embryos but also involved non-embryogenic and embryogenic calli of the species derived from immature zygotic embryos of the same study tree (Fig. 6, lanes A-E) . The only difference observed so far concerned the relative amounts of individual protein bands in the respective embryos. Like in zygotic embryos, the 43 kDa protein was the most prominent component of the storage proteins in mature somatic embryos. Its abundance has been apparent since the globular stage of somatic embryo formation already (Fig. 6, lane C) . However, judging from the intensity of staining the 18 kDa protein also seems to be an important component of somatic embryo storage reserves. In addition, somatic embryos contained the 30 kDa protein which has not been detected in zygotic embryos. All the developmental stages analyzed were characterized by their identical protein patterns whose individual components may be traced from the non-embryogenic callus (Fig. 6, lane F) . The deviating nature of soluble protein profile of regenerated emblings is due to either the partial or incomplete depletion of the corresponding storage reserves during somatic embryo germination.
In comparison with SDS-PAGE analysis, the immunological approach was much more efficient in revealing a stage-specific nature of white fir somatic embryogenesis. As shown in Fig. 7 , in this way it was possible to discriminate between non-embryogenic and embryogenic calli of the species on the one hand and developing somatic embryos on the other hand. One immunoprecipitate detected in the former (Fig. 7 , wells A-B) was in a sharp contrast with at least four zones of precipitation characteristic for the club-like embryo, precotyledonary and cotyledonary stages of somatic embryos, respectively (Fig. 7, wells C-E) . Depletion of storage proteins during somatic embryo germination resulted in an absence of the immunological response in regenerated emblings (Fig. 7, lane F) . Owing to the identity of the soluble protein profiles in callus tissues and in somatic embryos, it may be inferred that the observed lack of response was due to a lowered content of the corresponding storage proteins in both calli which was not sufficient to form a detectable precipitin line. Hence, the quantitative rather than qualitative differences may be postulated to exist between storage proteins of the calli and those of somatic embryos.
Discussion
It is believed that protein analysis of embryogenesis could reveal molecular markers that are indicative of or specific to particular stages of embryo development. These may provide a more reliable and consistent means of embryo quality assessment than morphological descriptions leading to a better understanding of the process of zygotic and somatic embryogenesis (Misra, 1994) .
The protein profiles of female gametophyte and embryos of the white fir consisted of 9 components deviating from the protein pattern reported by Jensen & Lixue (1991) for the entire female gametophyte-embryo complex of the same species. The authors were able to distinguish only four components under reducing conditions. Also, in Abies amabilis Misra & Green (1994) had not detected 35 and 22 kDa polypeptides both of which were found to be present in A. concolor seeds. This may indicate a species-specific composition of seed proteins in Abies. At the genera level, A. concolor shared only 43, 22 and 14 kDa major storage proteins with Picea abies Hakman, 1993) and Pinus species (Gofford, 1988) differing from them by its 27 and 24 kDa major proteins in the female gametophyte, as well as by the 24 and 16 kDa components in the embryo. The differences are even more profound in relation to the species Picea glauca (Gifford & Tolley, 1989) and Pinus taeda (Groome et al., 1991) .
According to Owens et al. (1993) in Pseudotsuga menziesii the most important morphological events occur during the first 43 days after fertilization. During this time period lipid bodies and protein bodies increase rapidly in the megagametophyte. Misra & Green (1991) have accordingly detected a 57 kDa crystalloid complex in Picea glauca megagametophyte only a few days after fertilization. The same was true for white fir whose megagametophyte and embryo protein profiles resembled qualitatively those of mature seeds since the very early stages of embryogenesis. A conspicuous increase in synthesis of the 43 kDa protein took place in megagametophyte at the beginning of July preceding its synthesis in embryos by 2-3 weeks. This coincides also with the period of the most dramatic changes in protein accumulation observed in Pseudotsuga menziesii (Misra, 1993) , Picea glauca (Flinn et al., 1991 (Flinn et al., , 1993 and Picea abies (Hakman, 1993) . We may only speculate whether the 23-24 kDa components whose synthesis started only in the cotyledonary embryos belong to the category of the late embryogenesis abundant proteins.
In general, there exists a high degree of similarity between the main storage proteins of female gametophytes and embryos in white fir. Different tendencies have been exhibited by the respective tissues during protein synthesis, however. The continuous nature of the process observed in female gametophytes has as a rule contrasted with a relatively low rate of proteosynthesis during precotyledonary stages of embryo development as well as with much more intensive synthesis of the proteins in embryos with differentiated cotyledons. Still other differences concern the declining dynamics of protein synthesis displayed by the 55-158 kDa components in female gametophytes and a relatively constant rate of their synthesis in embryos. In this connection it is worth mentioning that in Picea abies the initiation of protein synthesis coincides with a sharp decline of the somatic embryogenesis potential of developing somatic embryos (Roberts et al., 1989; Flinn et al., 1991; Hakman, 1993) . This relationship had also been confirmed in Picea glauca and in the hybrid seeds Abies alba × A. nordmanniana, the embryogenic competence of which has been found to be exclusively bound to the precotyledonary stages of embryo development (Roberts et al., 1989; Kormuťák et al., 1996) .
A nutritive role of the overwhelming majority of the SDS-PAGE detected proteins in dormant embryos is inferred from their rapid mobilization during germination. This finding is in contradiction with the situation observed in Pinus radiata. According to Lin & Leung (2002) , there is little difference between isolated embryos and seedlings of the species as far as the total protein concentrations and their SDS-PAGE profiles are concerned. This indicates possible differentiation between Abies and Pinus in the metabolic potentials of their seeds.
Regarding the SDS-PAGE protein profiles, we have not revealed substantial differences between zygotic and somatic embryos of the white fir. However, some uncertainties exist relative to the main storage protein components in somatic embryos. Both 43 and 18 kDa proteins exhibited similar staining intensity and accumulation dynamics. Both proteins were mobilized in a comparable extent during somatic embryo germination. Therefore, the question which of them fulfils the role of the main storage protein in Abies needs to be further verified. Judging from the staining intensity it seems that concentration of proteins in somatic embryos is lower compared to their zygotic counterparts. This may be caused by the cellular organization of the former which was shown to differ from that of zygotic embryos in Picea abies. Somatic embryos have accordingly possessed larger, more vacuolated cells and a greater rel-ative volume of the intercellular space (Salajova et al., 1966; Bornman et al., 2001) . Our recent study indicates more profound differences between both types of Abies embryos at the enzyme level. Peroxidase and esterase were shown in this connection to reflect reliably the different metabolic potentials of zygotic and somatic embryos of the species (Kormuťák et al., 2003) . Also, Konradova et al. (2002) reported different levels of invertase activity in zygotic and somatic embryos of Picea abies. Enzyme activity rather than protein profiles seems to be a suitable tool in monitoring the individual stages of zygotic or somatic embryo development. An increase in invertase activity during maturation stage of Picea mariana has for example been observed by Iraqi & Tremblay (2001) . In Picea glauca, an increased activity of adenine and uridine salvage enzymes was reported during conversion of somatic embryos into plantlets as well as an increase of dehydroascorbate activity during maturation and germination of somatic embryos of the species .
Using SDS-PAGE protein profiles, we were able to discriminate unequivocally only between precotyledonary and cotyledonary stages of zygotic and somatic embryos of A. concolor as well as between their mature embryos and seedlings and/or emblings, respectively. The two-dimensional electrophoretic approach may be more efficient in this respect as evidenced by the 4 stages of somatic embryo development discriminated in Cupressus sempervirens by Sallandrouze et al. (1999) .
